Neuronal and non-neuronal cells express the huntingtin (HTT) protein, yet neurodegeneration in Huntington's disease (HD) is largely selective, affecting most prominently striatal medium spiny neurons and cortical pyramidal neurons. Selective toxicity of full-length human mutant HTT (fl-mHTT) may be due in part to its expression in non-neuronal cells. While studies suggest neuronal-glial interactions are important in HD and fl-mHTT is expressed in astrocytes, it has not been determined whether the expression of fl-mHTT in astrocytes is necessary for HD pathogenesis. To directly assess the necessity of fl-mHTT in astrocytes for HD pathogenesis, we used a mouse genetic approach and bred the conditional mHTT-expressing BACHD mouse model with GFAP-CreER T2 mice. We show that GFAP-CreER T2 expression in these mice is highly selective for astrocytes, and we are able to significantly reduce the expression of fl-mHTT protein in the striatum and cortex of BACHD/GFAP-CreER T2 -tam mice. We performed behavioral, electrophysiological and neuropathological analyses of BACHD and BACHD/GFAP-CreER T2 -tam mice. Behavioral analyses of BACHD/GFAP-CreER T2 -tam mice demonstrate significant improvements in motor and psychiatric-like phenotypes. We observe improvements in neuropathological and electrophysiological phenotypes in BACHD/GFAP-CreER T2 -tam mice compared to BACHD mice. We observed a restoration of the normal level αB-crystallin in the striatum of the BACHD/GFAP-CreER T2 mice, indicating a cell autonomous effect of mHTT on its expression. Taken together, this work indicates that astrocytes are important contributors to the progression of the behavioral and neuropathological phenotypes observed in HD.
Introduction
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder characterized clinically by cognitive, psychiatric and motor deficits. HD is caused by a CAG repeat expansion in the gene encoding the widely expressed protein huntingtin (HTT) (1, 2) . The HTT protein is found in both neuronal and nonneuronal cells throughout the brain; however, neurodegeneration is most prominent in striatal medium spiny neurons (MSNs) and cortical pyramidal neurons (3) (4) (5) (6) .
Astrocytes are thought to have a key role in HD pathogenesis. They are important for cellular homeostasis, which includes providing the neuron with energy and substrates for neurotransmission (7, 8) . Astrocyte processes are associated with both the pre-synaptic and post-synaptic components of the synapse (9, 10) , and astrocytes help to remove synaptic glutamate through glutamate transporters (11, 12) .
In HD brains, reactive astrocytes are prominent, and the severity of reactive astrocyte morphology increases with disease progression (13) . There is a decrease in the level of mRNA of the astroglial-specific glutamate transporter EAAT2 in HD (14) and a decrease in mouse Glt-1 mRNA, protein or glutamate uptake in mutant HTT (mHTT)-expressing mouse models (13, (15) (16) (17) . This transporter has a key role in removing synaptic glutamate (11, 12) , and its loss may contribute to downstream excitotoxicity in HD (16, 18, 19) . Another study using R6/2 mice demonstrated decreased astrocyte Kir4.1 K + channel activity that could lead to altered MSN excitability (20, 21) . We have found a marked dysregulation of glutamate release from cultured astrocytes from full-length human mutant HTT (fl-mHTT)-expressing BACHD mice (22) . Additional astrocytic mechanisms, including decreased BDNF release and decreased expression of the small heat shock protein αB-crystallin, have been implicated (23) (24) (25) . Finally, others have reported that when truncated mHTT is expressed in cultured primary astrocytes in the presence of wild-type neurons, these cells are capable of inducing neuronal cell death through a variety of mechanisms including excitotoxicity (23, (26) (27) (28) . Together, these studies implicate astrocytic expression of mHTT in HD pathogenesis.
We have taken an in vivo mouse genetic approach using the conditional BACHD mouse model to examine the contribution of astrocytic fl-mHTT to disease pathogenesis in vivo. We used a GFAP-CreER T2 transgene to decrease fl-mHTT to determine whether the presence of mHTT in astrocytes is necessary for HD pathogenesis. We found that reduction of fl-mHTT in astrocytes of BACHD/GFAP-CreER T2 mice after tamoxifen injection significantly decreases the total mHTT burden in the brain. In addition, reducing fl-mHTT expression in astrocytes slows the progression of HD-relevant phenotypes displayed by these mice. Furthermore, our data demonstrates that reducing fl-mHTT in astrocytes leads to a redistribution of mHTT aggregates in neurons in the BACHD mice, restores the level of synaptic marker proteins and reverses the electrophysiological abnormalities in excitatory transmission at corticostriatal synapses. These data point to the potential of modulating astrocytic mHTT to achieve enhanced neuronal function and neuroprotection.
Results

fl-mHTT reduction in BACHD/GFAP-CreER T2 mice
In order to address the hypothesis that fl-mHTT within astrocytes contributes to HD phenotypes, we used the conditional BACHD mouse model (29, 30) . In these studies, we combined the BACHD model with an inducible GFAP-CreER T2 mouse model where Cre recombinase is active after tamoxifen injection to perform selective deletion of the fl-mHTT transgene. This inducible Cre strategy was necessary because the GFAP promotor is active in glial progenitors that give rise to astrocytes, neurons and oligodendrocytes (31) (32) (33) ; thus early deletion with a nonregulatable GFAP-Cre might lead to non-selective deletion.
To evaluate the effectiveness of the GFAP-CreER T2 recombination (34), we first bred these mice to the Ai14 Rosa26 tdTomato reporter mouse line (35) . The mice were weaned at 21 days, and then tamoxifen was administered for 10 days. Histological studies were used to determine recombination efficiency and specificity in these mice ( Fig. 1A-C) . Cells where GFAP-CreER T2 was active in the Ai14 mice were red based on the removal of a floxed (LoxP-flanked) stop codon (35) . Nearly 85% of the tdTomato positive astrocytes (n = 300) were also stained with an antibody to Aldh1l1, a marker of mature astrocytes (36) . We also stained neurons on sections from Ai14/GFAP-CreER T2 -tam mice using the NeuN antibody at 1.5 months of age. We counted tdTomato positive cells (n = 200) and observed no overlapping signal with NeuN in the striatum of these mice (Fig. 1C) . In the cortex, we found that less than 0.4% of the tdTomato positive cells were also NeuN positive (n = 300). Together, these data show that the GFAP-CreER T2 mouse and the tamoxifen treatment protocol used for these studies provided efficient and highly selective recombination in astrocytes and thus were suitable for our studies. We then bred BACHD mice to GFAP-CreER T2 mice and administered tamoxifen for 10 days after weaning. To evaluate the effect of transgene deletion on brain HTT levels, we extracted protein from the cortex and striatum of BACHD/GFAP-CreER T2 -vehicle-injected and BACHD/GFAP-CreER T2 -tamoxifen-injected mice at 2 months of age. We performed western blots and probed for fl-mHTT and endogenous mouse HTT with mAb2166 ( Fig. 1D and E). When fl-mHTT levels in the BACHD and BACHD/GFAPCreER T2 tam were compared after normalizing to α-tubulin, we found an average reduction of fl-mHTT levels by 40% (±8.42%, P < 0.027) in the cortex and about 42% (±10.05%, P < 0.023) in the striatum of BACHD/GFAP-CreER T2 -tam-injected mice when compared to BACHD ( Fig. 1F ; n = 4 BACHD and n = 3 BACHD/GFAP-CreER T2 mice; Student's t-test). There were no differences in endogenous mouse HTT protein expression levels in the striatum or cortex in wild-type and GFAP-CreER T2 mice (data not shown). Thus, we concluded that elimination of astrocyte fl-mHTT reduces the overall brain load of fl-mHTT.
Improvement in behavioral phenotypes in BACHD/GFAP-CreER T2 mice: motor performance
In order to assess the effect of fl-mHTT reduction in astrocytes on behavioral phenotypes observed in BACHD mice, we studied BACHD, BACHD/GFAP-CreER T2 -tam and wild-type mice.
The BACHD/GFAP-CreER T2 mice were injected with tamoxifen after weaning (beginning at 22-23 days old) one time/day for 10 days. Motor impairment has been observed in BACHD mice beginning at 2 months of age and is more prominent at 6 months of age (29, 30, 37) . Due to the robustness of the rotarod test to identify motor coordination deficits in the BACHD model and other mice expressing mHTT, we focused on this test and used an accelerating rotarod paradigm to assess motor performance in our cohort of mice at 2, 6 and 12 months of age in the present study. The mice are weighed at each age when tested ( Table 1) . The mice are trained first at 2 months for three trials/day over 2 days and then tested for three trials/day over 3 days. We found with rotarod testing, BACHD mice showed a marked impairment in rotarod performance beginning at 6 months of age when compared to wild-type control, and all mice demonstrated a progressive decline over the subsequent 6 months [BACHD n = 13, wild type n = 11, BACHD/GFAP-CreER T2 -tam n = 17 (age X genotype: F (4, 556) = 16.9, P < 0.0001; Fisher's least significant difference (LSD): P = 0.0084)]. The most severe decline in BACHD mice was observed at 12 months, as has been observed in previous studies (29, 30, 37) . The BACHD/GFAP- To further validate these observations on rotarod performance of BACHD and BACHD/GFAP-CreER T2 -tam mice, a second larger independent cohort of mice was studied ( Fig. 2A-C ; BACHD n = 33, wild type n = 32, BACHD/GFAP-CreER T2 -tam n = 40; NS = not significant, * P < 0.05, * * P < 0.01, * * * P < 0.001, * * * * P < 0.0001. All P-values compared to BACHD (Fisher's LSD).
interaction with genotype, sex and age were assessed in a full repeated measures mixed model, weight was not found to be a significant predictor of performance (F (1, 187) = 1.8, P = 0.1821). Given the concern that some behavioral phenotypes may be observed when using only one conditional or inducible Cre mouse model, we also studied mice produced by a cross with an additional GFAP-CreER T2 (called N-GFAP-CreER T2 for simplicity here)-expressing mouse model (32) to the BACHD mice. We performed repeated measure rotarod studies using BACHD (n = 12), BACHD/N-GFAP-CreER T2 -tam (BG-N) (n = 10) and wildtype (n = 11) mice at 2, 6 and 12 months ( Fig. 2D -F, Table 2 ). Although we used fewer mice in this cohort, we nonetheless observe a slowing of the decline in rotarod performance by 6 months of age in the BACHD/N-GFAP-CreER T2 -tam mice [age X genotype: F (8, 1028) = 10.9, P < 0.0001; Fisher's LSD: P = 0.0013]. This was similar to the change observed in the BACHD/GFAP-CreER T2 -tam mice. The appearance of a similar phenotype in these studies using two different GFAP-CreER We did not observe any significant difference between the mice at 2 months of age. However, we observed a significant difference in performance of BACHD mice as compared to wildtype mice at 6 months of age where they show less total distance moved. In addition, the velocity of the movement in the BACHD mice is less than the wild type. When we examined the open field behavior of the BACHD/GFAP-CreER T2 mice, we found no difference in their performance at 2 months when compared to wild type or BACHD. There is a statistically significant difference in the performance of the BACHD/GFAP-CreER T2 mice at 6 months when compared to wild-type (P < 0.0001) as well as the BACHD mice (P < 0.0001) for total distance moved, as well as the velocity. This result reveals that while there is an improvement in both the total distance moved and velocity in the BACHD/GFAPCreER T2 mice, there is only a partial contribution of fl-mHTTexpressing astrocytes to this motor activity. Unfortunately, due to technical challenges, we were unable to assess the performance of this group of mice at 12 months of age. Nonetheless, taking both the rotarod and open field data together, we identify fl-mHTT-expressing astrocytes as contributors to motor deficits in HD.
Improvement in behavioral phenotypes in BACHD/GFAP-CreER T2 -tam mice: neuropsychiatric features
HD patients display psychiatric changes (39, 41) , and non-motor phenotypes can be identified in mouse models. These changes can manifest in HD patients prior to overt motor dysfunction (38) . We have previously shown that BACHD mice display anxiety-like deficits in performance using the light-dark box paradigm (29) . We tested the BACHD/GFAP-CreER . This change is observed in male (B) and female (C) BACHD/GFAP-CreER T2 -tam mice. An additional GFAP-CreER T2 (N-GFAP-CreER T2 ) mouse was bred to confirm that the original findings were not due to the specific Cre mouse chosen (D-F). The latency to fall of the new BACHD/N-GFAP-CreER T2 -tam (BG-N) mice is reduced for the mice as a group at 6 and 12 months, BACHD (n = 12), wild type (n = 11), BACHD/N-GFAP-CreER T2 -tam (n = 10); the robust observed difference in male mice likely drives this result. All data are log-transformed and presented as mean ± SEM. * P < 0.05, * * P < 0.01, * * * P < 0.001, * * * * P < 0.0001. models. Age, genotype and their interaction were included in the model. For female mice, genotype remained a significant predictor of performance [F (2,42) = 16.08, P < 0.0001]; age and the age X genotype interaction remained insignificant. Follow-up with Tukey's HSD multiple comparison in female mice indicated that performance in BACHD and WT mice was different. For male mice, age, genotype and their interactions were not significant predictors of performance, and there were no differences between BACHD, WT and BACHD/GFAP-CreER T2 -tam mice. We used the forced swim test to analyze depression-like phenotypes in the BACHD/GFAP-CreER T2 -tam mice ( Fig. 3D-F) .
We have previously shown that BACHD mice spend more time immobile using this test, which suggests a depression-like phenotype. We tested male and female mice at 2, 6 and 12 months. Beginning at 2 months, BACHD and BACHD/GFAP-CreER T2 -tam mice spent a significantly greater amount of time immobile in the water when compared to their WT counterparts, indicating an increase in depressive-like behavior [age X genotype: F (6, 206) = 2.4, P = 0.0338]. Interestingly, BACHD mice showed a continued and progressive decline in performance over the 12-month period of study, significantly increasing their average time spent immobile from 2 months to 6 months (P = 0.0102). The BACHD/GFAP-CreER T2 -tam mice in contrast showed no further worsening after 2 months (P = 0.3677) or between 6 and 12 months (P = 0.3157). Although we observed a trend towards increased immobility in male BACHD/GFAP-CreER T2 -tam mice (Fig. 3E ), this effect was small, and neither sex nor its interaction with genotype was significant in multivariate analysis [age X sex: F (2, 206) = 3.96, P = 0.0205], (Fig. 3E and F) . The effect of weight was also assessed for this cohort, and while body weight was positively correlated with time spent immobile at both 6 months (r = 0.4642, P < 0.0001) and 12 months (r = 0.3808, P < 0.0001), neither were significant predictors in the mixed effect model (6 months body weight (BW): P = 0.4989; 12 months BW: P = 0.2269), and body weight accounted for only 21.5% of the variance at 6 months and 14.5% of the variance at 12 months.
Neuropathological changes are reduced in BACHD/GFAP-CreER T2 -tam mice
Significant atrophy and cell death are observed in the brains of HD patients. We have previously shown that BACHD mouse brains show neuropathological changes including decreased brain weight and brain volume as compared to wild-type mice (29, 30) . Therefore, we compared brain weight in BACHD/GFAPCreER T2 -tam, BACHD and wild-type mice (n = 24 BACHD, n = 25 WT and n = 27 BACHD/GFAP-CreER T2 -tam), [ANOVA, (Fig. 4A) . BACHD brain weight (average (avg.) = 0.414 g) is reduced compared to wild-type brain weight (avg. = 0.445 g) at 13-14 months, (P < 0.0001-Fisher's LSD post hoc test). We found an increase in brain weight of the BACHD/GFAP-CreER T2 -tam mice at 13-14 months and wild type (n = 32). As a group, BACHD/GFAP-CreER T2 -tam mice also have reduced performance when compared to wild type at 2 and 12 months. The difference in performance is observed primarily in females. (D-F) The forced swim test was used to analyze depressive-like phenotypes in the mice; BACHD (n = 32), BACHD-GFAPCreER T2 -tam (n = 40) and wild type (n = 27). As a group, BACHD and BACHD/GFAP-CreER T2 mice have increased immobility at 2 months as compared to wild-type mice.
(D) By 12 months of age, the BACHD/GFAP-CreER T2 mice are more mobile than BACHD mice. The decrease in immobility is due to changes in BACHD-GFAP-CreER T2 -tam male mice at 6 and 12 months (E) and not female BACHD-GFAP-CreER T2 -tam mice (F). Data are mean ± SEM. * P < 0.05, * * P < 0.01.
(avg. = 0.4295) when compared to BACHD mice (0.414 g), although this increase was not statistically significant (P = 0.094). While the BACHD/GFAP-CreER T2 -tam mouse brain weight is increased, it is still significantly different from wild type (P = 0.011) (Fig. 4A ). This demonstrates that decreasing fl-mHTT expression in astrocytes may be beneficial, despite not being statistically significant at the age analyzed. Additionally, BACHD cortical and striatal volume were analyzed in these mice at 13-14 months (n = 20 wild-type, n = 20 BACHD/GFAP-CreER T2 , n = 24 BACHD mice) ( Fig. 4B and C) . ANOVA revealed that there was a significant difference in cortical volume among these mice [F (2, 43) = 8.093, P = 0.0007]. Post hoc analysis revealed a significant decrease (P = 0.001) in cortical volume in BACHD mice as compared to wild type. No statistically significant differences were observed between BACHD and BACHD/GFAPCreER T2 mice (P = 0.158) or wild-type and BACHD/GFAPCreERT2 mice (P = 0.104). The striatal volume of BACHD mice is significantly reduced as compared to wild-type (P = 0.001) and BACHD/GFAP-CreER T2 -tam mice (P = 0.017). The BACHD/GFAPCreER T2 striatal volume was also significantly different from wild type (P = 0.048) (Fig. 4C) . Thus, there is a partial rescue of striatal volume in these mice. Overall, this data demonstrates that decreasing fl-mHTT expression in astrocytes positively affected these neuropathological measures in the BACHD/GFAP-CreER T2 mice, although not all of the parameters reached statistical significance.
To further explore whether decreasing fl-mHTT in astrocytes of the BACHD/GFP-CreER T2 mice affects other neuropathological deficits observed in the BACHD mice, we assessed synaptic marker proteins in the striatum. There is a decrease in synaptic marker expression in both HD patients and mHTT-expressing mouse models (29, 44, 45) . It is known that astrocytes are important players in neurotransmission; therefore, a reduction in the fl-mHTT protein in these cells may affect the postsynaptic marker protein change observed in HD. We assessed two post-synaptic markers that are affected in the BACHD mice-post-synaptic density 95 (PSD-95) and α-actinin2 (α-actn2). These two proteins are primarily localized to the PSD and are known to interact with and contribute to dysfunction of other proteins implicated in HD pathogenesis, including NMDA receptors. We performed immunofluorescence staining of brain sections taken from wild-type, BACHD and BACHD/GFPCreER T2 mice at 13-14 months of age (wild-type n = 4 mice/11
sections, BACHD n = 5 mice/14 sections, BACHD/GFP-CreER T2 n = 5/15 sections). We quantified the staining intensity of PSD-95 and α-actn2 in the striatum of these mice and identified a significant difference in the expression of α-actn2 [F (2,37) = 141.92, P < 0.0001] and PSD-95 [F (2, 78) = 38.42, P < 0.0001] among the genotypes. We identified a significant decrease in immunofluorescence staining intensity of α-actn2 (Fig. 5A-C) and PSD-95 (Fig. 5D-F ) in the striatum of BACHD mice as compared to wild type, which is consistent with previous Striatal and cortical volume is decreased in BACHD mice as compared to wild type (B, C). BACHD/GFAP-CreER T2 -tam mice have decreased cortical and striatal volume when compared to wild-type mice (n = 10 mice/genotype). Data are mean ± SEM. * P < 0.05, * * P < 0.01. One-way ANOVA and Tukey's HSD post hoc test were used for analysis.
work. The α-actn2 expression is increased in the BACHD/GFAPCreER T2 mice and is significantly higher than in BACHD mice (P < 0.0001), although still less than what is observed in wild-type mice (P < 0.0001, Fig. 5G) ; the PSD-95 expression in BACHD/GFAPCreER T2 striatum is restored to wild-type levels (P = 0.428, Fig. 5H ). Taken together, these changes suggest that decreasing mHTT expression in astrocytes affects the expression of these post-synaptic proteins and thus may affect neurotransmission in these mice.
Expression of astrocyte-enriched proteins implicated in HD pathogenesis
There have been reports of EAAT2 RNA expression changes in patient tissue and Glt-1 protein expression changes or abnormal glutamate transport in some transgenic mice expressing mHTT (16) . Additionally, levels of the astrocyte-enriched potassium channel Kir4.1 were reduced in the striatum of R6/2 mic. Given this and other data, we evaluated the levels of expression of Kir4.1 and Glt-1 in protein homogenate on western blot from the striatum of 13-to 14-month-old wild-type, BACHD and BACHD/GFAP-CreER T2 mice. There was no significant difference
among the genotypes ( Fig. 6A and B) . These data show that astrocytic expression of mHTT in the striatum of BACHD mice does not lead to altered expression of these highly enriched astrocyte proteins at this age. We also used strital homogenates from BACHD and BACHD/ GFAP-CreER T2 mice to examine the protein expression level of αB-crystallin, small heat shock protein that is capable of binding to unfolded proteins to inhibit aggregation (42), which is expressed primarily by astrocytes and oligodendrocytes in the nervous system (46) . It has been shown that expression of αB-crystallin is reduced in whole-brain homogenates from BACHD mice, and astrocytic overexpression of αB-crystallin is capable of rescuing behavioral and neuropathological deficits observed in BACHD mice (24) . However, it is not clear if the decrease observed is due to mHTT expression in astrotyes. Since protein expression can be affected non-cell autonomously, it is important to determine if reducing mHTT expression in astrocytes is capable of restoring the levels of expression of this highly enriched astrocyte protein in the brains of BACHD/GFAPCreER T2 mice. We observed a significant change in the αB-crystallin protein levels among the genotypes [F (2,8) = 24.45, P = 0.0013]. We observed the previously reported significant decrease in αB-crystallin in BACHD mice on western blots using striatal protein samples from mice 13-14 months of age (Fig. 6A , bottom panel; P = 0029). We also observed a significant increase in the levels of αB-crystallin in striatal protein samples taken from BACHD/GFAP-CreER T2 mice at 13-14 months of age, with no significant difference from wild type found (P = 0.7994) (Fig. 6A, bottom panel) . The increase in αB-crystallin expression in the BACHD/GFAP-CreER T2 mice was significantly different from BACHD levels (P = 0017). These data suggest that mHTT expression within the astrocyte acts cell autonomously to control αB-crystallin expression and does not significantly affect the expression of Kir4.1 or Glt-1 in the brains of the BACHD mice at the age examined.
NMDA receptor function in BACHD/GFAP-CreER T2 -tam mice
Notably, we have shown that decreasing fl-mHTT levels in astrocytes of BACHD/GFAP-CreER T2 mice leads to an increase in post-synaptic proteins that may have an effect on neurotransmission. Furthermore, astrocytes are known to modulate neuronal activity by releasing gliotransmitters in response to neurotransmitter release from neurons (47) (48) (49) (50) (51) . It is known that BACHD mice have clear deficits in the cortical-striatal circuit, which has been demonstrated by the observation of decreases in evoked NMDAR-mediated synaptic currents (29, 30) . As astrocytes play a critical role in the modulation of synaptic activity, we examined the electrophysiological phenotype of striatal MSNs in the BACHD and BACHD/GFAP-CreER T2 -tam mice compared to their WT littermates at 15-16 months of age. Specifically, we examined basic membrane properties and evoked synaptic NMDAR currents, both of which are significantly altered in BACHD mice. The BACHD mice showed a significant decrease in cell membrane capacitance compared to WT littermates [46.1 ± 2.5 pF BACHD (n = 6 mice, n = 11 cells) versus 58.8 ± 3.8 pF WT (n = 10 mice, n = 16 cells, P = 0.01)], but membrane resistance, decay time constant and holding current were not significantly altered. In the BACHD/GFAPCreER T2 -tam mice, the capacitance was restored compared to BACHD mice [46.1 ± 2.5 pF BACHD (n = 11 cells) versus 61.1 ± 2.9 pF BACHD/GFAP-CreER T2 -tam (n = 6 mice, n = 13 cells,
After blocking GABA A and AMPA receptors with BIC (10 μM) and CNQX (20 μM), respectively, electrical stimulation via a monopolar electrode placed on the corpus callosum evoked an NMDAR-mediated response in MSNs. A significant decrease in peak amplitude of the NMDAR-mediated current occurred in BACHD compared to WT mice [107.0 ± 15.4 pA BACHD (n = 11) versus 216.2 ± 42.3 pA WT (n = 16, P = 0.05)] (Fig. 7A and BA) , 
Discussion
This study illustrates the important contribution of human flmHTT-expressing astrocytes to HD pathogenesis. We were able to significantly reduce the overall level of fl-mHTT in the brains of BACHD mice using GFAP-CreER T2 -tam mice. When fl-mHTT is reduced in astrocytes, there is a reduction in the rate of disease progression as measured by a decreased rate of decline of motor dysfunction and a reduction of neuropsychiatric deficits.
There is a normalization of synaptic marker expression and a restoration of normal physiological properties of MSNs with normalization of NMDA receptor-mediated neurotransmission. Using a conditional mouse transgenic approach (22), we broadly and temporally assessed the contribution of human fl-mHTT-expressing mature astrocytes to the various HDrelevant phenotypes observed in the BACHD mice. This approach decreased the likelihood of affecting neuronal precursors expressing GFAP and allowed us to target mature astrocytes rather than neurons (34, 52) . In BACHD/GFAP-CreER T2 -tam mice, we observed rotarod performance that is initially the same as BACHD mice at 2 months of age. However, as a group, the performance of BACHD/GFAP-CreER T2 -tam mice is better than BACHD mice at subsequent time points. Furthermore, the performance in the open field test is also improved at 6 months. Our results with BACHD/GFAP-CreER T2 mice are similar to what has been observed in amyotrophic lateral sclerosis (ALS) models, where there is a slowing of disease progression when mutant SOD1 expression is reduced in astrocytes (53, 54) . Therefore, while fl-mHTT is expressed in astrocytes, based on this result, these cells are unlikely to be initiators of the HD motor phenotypes but are contributing to the continued progression and worsening of the motor phenotypes. There is considerable data to support astrocyte involvement in the development of depression through multiple mechanisms, including inhibition of vesicular release (55) and glutamate transporters (56, 57) . Using the forced swim test, we observed a significant increase in immobility time of BACHD mice as a group as early as 2 months that persisted until 12 months of age. However, as a group, we did not observe differences between BACHD and BACHD/GFAP-CreER T2 -tam mice until 12 months that was more robust in male BACHD/GFAP-CreER T2 -tam mice. The change that we observe in this behavior in the BACHD/GFAP-CreER T2 -tam male mice is early and sustained, which therefore suggests a long-term and early change to the circuits mediating this behavior. Interestingly, the depressive-like phenotype seemed to worsen with age only in male BACHD mice. While there is an increase in cortical volume in the BACHD/GFAP-CreER T2 -tam mice at 12 months of age, it did not reach statistical significance. However, striatal volume is significantly increased in the BACHD/GFAP-CreER T2 -tam mice.
This difference might represent the differences in deficits in astrocytes present in these two brain regions caused by the The bar graph represents the average NMDA current peak amplitude in MSNs from the three groups. BACHD current peak amplitude is significantly different from wild type, while BACHD-GFAPCreER T2 -tam MSN peak amplitude is increased back to wildtype levels. * P < 0.05, one-way ANOVA.
presence of mHTT. It is becoming clearer that astrocytes from different brain regions are diverse with different physiological and morphological properties (58) . Nonetheless, this change, coupled with the change in electrophysiological measures, clearly indicates that these cells are involved in improving neurological function in these mice. We did not observe a significant decrease in the level of expression Kir4.1 or Glt-1 protein in the striatum of these mice, although total tissue expression of Kir4.1 and Glt-1 in the BACHD mice may not be truly indicative of the expression or localization on a cell-by-cell basis. It is possible that the effects of decreases in both Glt-1 and Kir4.1 levels affect microcircuits and are not appreciated in a whole protein homogenate. In BACHD mice, αB-crystallin decreases progressively, and it is noteworthy that this decrease is not observed until after 6 months of age. This is coincident with the most robust behavioral changes in BACHD mice and the age at which some of the behaviors are partially rescued in the BACHD/GFAP-CreER T2 mice. This result further suggests that astrocytes likely contribute to HD progression and not onset. This is also interesting given the recent finding that mHTT decreases the expression of αB-crystallin and impairs exosome secretion from astrocytes further demonstrating the importance of these cells in HD pathogenesis (25) . In this study, we used 15-to 16-month-old BACHD mice and confirmed previous results demonstrating a decrease in peak amplitude of evoked NMDAR-mediated response in MSNs. This reduction was restored in BACHD/GFAP-CreER T2 -tam mice.
While the decreased input at this age in BACHD mice could be due to either pre-or post-synaptic neuronal mechanisms, astrocytes are also known contributors to synaptic activity. The increase in post-synaptic proteins PSD-95 and α-actn2 at the late time points suggests that fl-mHTT in astrocytes contributes to this change in HD in a non-cell autonomous manner. The mechanism for this non-cell autonomous contribution to the expression of these two important post-synaptic proteins was not explored here. We also did not explore whether an increase in the expression of these proteins occurs at 6 months of age, which is the age at which some of the phenotypes are improved in the BACHD/GFAP-CreER T2 mice. Taken together, a decrease of fl-mHTT expression in astrocytes could decrease an aberrant activity caused by the expression of fl-mHTT in astrocytes, thus restoring normal synaptic activity. The electrophysiological data reported here are from BACHD and BACHD/GFAP-CreER T2 -tam mice at 15-16 months of age.
There is considerable data from HD models showing biphasic changes in MSN synaptic activity. In BACHD MSNs at early stages, there is a significant increase in frequency of sEPSCs; at late stages, there are significant decreases in sEPSCs (30, 59 ). Thus, it will be important to analyze MSN changes observed in BACHD/GFAP-CreER T2 -tam mice at earlier stages to ascertain the temporal contribution of fl-mHTT-expressing astrocytes to the observed changes in synaptic activity. Furthermore, it will be important to determine if those changes are different in the dopamine receptor D2-and dopamine receptor D1-expressing MSNs (59) (60) (61) .
We have shown that our approach using conditional BACHD mice with GFAP-CreER T2 mice will provide a tractable and reproducible genetic system for identifying and studying disease mechanisms at play in astrocytes in HD. It is intriguing that targeting mHTT in astrocytes could decrease disease pathogenesis. There has been considerable work performed recently concerning targeting of mHTT in the brains of HD mice (62, 63) . The methodologies target HTT broadly without giving consideration to specific cell types. Given our data, it may be reasonable to specifically target mHTT in astrocytes. Additionally, therapeutic approaches that take advantage of CRISPR/Cas technology may be used to 'correct' the DNA in human astrocytes and those cells used for transplantation (43) to reduce the total burden of mHTT and reduce toxicity that may be contributed by mHTT-expressing astrocytes.
Materials and Methods
Animals
All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Alabama at Birmingham (UAB) Institutional Care and Use Committee and the University of California Los Angeles Institutional Care and Use Committee. BACHD mice were maintained by breeding with FvB/NJ (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Non-transgene-positive mice were used as controls. GFAP-CreER T2 mice on the C57BL6 background (32, 34) were backcrossed to FvB/NJ for three generations, and the percentage of FvB/NJ was determined using the Jackson Laboratories genome scanning service for development of congenic lines (Supplementary Material, Table S1 ). The subsequent positive GFAP-CreER T2 mouse covering at least 94% of FvB/NJ genome was backcrossed one additional time. The resulting GFAP-CreER T2 mice (now 4 th generation from speed congenics) were used to expand the GFAP-CreER T2 FvB/NJ colony and breed to BACHD mice.
Tamoxifen treatment of mice
At 24-28 days after weaning, the BACHD/GFAP-CreER T2 and GFAP-CreER T2 /Ai14 mice were weighed to determine volume of tamoxifen required for injection. These mice were injected intraperitoneally with tamoxifen (Sigma-Aldrich, St. Louis, MO, T5648) one time/day with 4 mg/ml for 10 days. Five to ten days after the last tamoxifen injection, some BACHD/GFAPCreER T2 mice were euthanized, and the cortex and striatum were dissected in ice-cold 0.01 M phosphate buffered saline solution (PBS). GFAP-CreER T2 /Ai14 mice exposed to the same tamoxifen injection paradigm as described above were perfused with icecold PBS, followed by ice-cold 4% paraformaldehyde (PFA). The brains of the mice were dissected and post-fixed overnight at 4
• C in 4% PFA, followed by cryoprotection in 30% sucrose at 4 • C.
Brains were then frozen on dry ice; 35-μm sections were cut on a cryostat or microtome and stored in cryoprotectant.
Preparation of protein lysates
Mouse brains were dissected in ice-cold 100-mm PBS supplemented with Complete Protease Inhibitor Cocktail tablets (Thermo Scientific, Waltham, MA, 88665). Lysates were prepared as previously described. Briefly, protein was extracted from brain tissue homogenized in a modified RIPA buffer using 10-12 strokes with a Potter-Elvehjem homogenizer on ice, followed by centrifugation at 4
• C for 15 min at 16 100 g. The resulting soluble supernatant was removed, and protein quantity was determined using Pierce BCA Protein Assay kit (Thermo Scientific, Waltham, MA).
Western blotting
Protein samples were prepared for loading by heating in NuPAGE LDS buffer (Invitrogen, Carlsbad, CA) for 10 min at 70
• C and resolved on 3-8% Tris-acetate NuPAGE gels (Invitrogen) using Tris-acetate running buffer then wet-transferred onto PVDF membranes using NuPAGE transfer buffer (Invitrogen). Gels were loaded with 25-30 μg of protein and immunoblots were probed with antibodies against HTT, (1:3000, MAB2166, mouse, EMD Millipore Burlington, MA) and either α-tubulin (1:3000, T9026, mouse, Sigma-Aldrich, St. Louis, MO) or β-actin (1:5000, A7811, mouse, Sigma-Aldrich, St. Louis, MO) in 5% non-fat dry milk shaking overnight at 4 • C; 5-10 g of protein was used for Kir4.1 (1:1000, APC-035, rabbit, Alomone Labs Ltd., Jerusalem, Israel), GLT-1 (1:10,000, AB1783, guinea pig, EMD Millipore Burlington, MA) and αB-crystallin (1:2000, ADI-SPA-223, Enzo Biochem, New York, NY) in 5% non-fat dry milk. The HRPlabeled secondary antibodies from Jackson Immunoresearchanti-rabbit (1:10,000), anti-guinea pig (1:10,000) and anti-mouse (1:10,000)-were all incubated for 1-2 h at room temperature. Chemiluminescent detection was accomplished using SuperSignal West Pico Chemiluminescent Substrate reagents (Thermo Scientific, Waltham, MA).
Immunohistochemistry
Mice were perfused with ice-cold PBS, followed by ice-cold 4% PFA. The brains of the mice were dissected and post-fixed overnight at 4
• C in 4% PFA, followed by cryoprotection in 30% sucrose at 4 • C. Brains were then frozen on dry ice, and 35-μm sections were cut on a cryostat or microtome and stored in cryopreserve. Sections were rinsed 3× in 0.01-M PBS and blocked with 2% normal donkey serum and 3% bovine serum albumin in 0.01-M PBS. Sections were incubated with α-actn2 (1:3000, mouse, Sigma-Aldrich, A7811) and PSD-95 (1:5000, UC Davis/NIH NeuroMab mouse mAb 75-028) (29, 30, 64 
Stereology
BACHD, BACHD/GFAP-CreER T2 -tam and wild-type animals were perfused with 4% PFA, and 35-μm coronal brain sections were cut using a Leica SM 2010 K microtome. The first section was chosen at random from the first 10 sections containing striatum, and every 10th section thereafter was immunostained with NeuN (1:500) antibody to label neurons. Sections were rinsed 3× in 0.01-M PBS and blocked with 2% normal donkey serum and 3% bovine serum albumin in 0.01-M PBS. Sections were incubated with the mouse NeuN in 0.01-M PBS with 2% normal donkey serum, 3% bovine serum albumin and 0.2% Triton X-100 according to an established protocol (30, 64) . A biotinylated donkey antimouse secondary (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was incubated for 2 h at RT. Sections were mounted and coverslipped with Permount. Stereo Investigator software (Microbrightfield, MBF Bioscience, Williston, VT) and the Cavalieri method were used to determine the total volume of the striatum and cortex at 13-14 months of age.
Behavior
Accelerating rotarod. All behavioral studies were performed in the UAB Behavior Assessment Core (NIH/NINDS P30 NS47466). Wild-type, BACHD and BACHD/GFAP-CreER T2 -tam male and female littermates were trained on a San Diego Instruments Rotor-Rod for three trials per day for 2 days at 2 months of age. Animals were tested using an accelerating rotator paradigm of 4-40 rpm over 5 min for three trials per day for 3 days. Animals rested 30 min between each trial. At 6 and 12 months, mice were given an additional 5 min of training on the first day of the rotarod test. Animals from the same cohort of mice were measured at 2-3 months, 6-7 months and 12-13 months. All rotarod tests were performed during the light phase of the light cycle.
Light-dark box exploration. The light/dark exploration box is made of Plexiglas with a clear (light) side and a smaller, fully opaque (dark) side, separated by a partition with a small opening for the mouse to travel through. The dark side is completely closed to light. The lighted side is illuminated with a 60-watt light bulb or light with an illuminance of about 400 lux. Light/-dark exploration was performed during the early phase of the light/dark cycle. Mice were placed in the testing room at least 1 h prior to testing. The mice were then tested for 10 min in the light/dark box and assessed for movements from one side to the other. All tests were video recorded and scored by researchers blind to the genotypes of the mice.
Forced swimming. Mice were allowed to acclimate to the experimental room at least 1 h before testing period. Mice were placed in transparent plastic cylinders 13 cm in diameter × 24 cm high containing water that is 25
• C. Animals were placed in the water and recorded with a video camera for 6 min. Analysis of swimming behavior was performed for the last 4 min of the test. Immobility duration was scored as the time spent immobile, excluding the movements necessary to keep the animal's head above water. The researchers independently analyzed the video and were blind to the genotypes of the mice.
Open field. Mice were placed in the testing room at least 1 h prior to the start of the dark cycle to acclimate to the experimental room. The animals were tested 1-2 h after the room lights have shut off during the early phase of the light-dark cycle. The mice were tested in an open field for 15 min each during the dark phase of the light-dark cycle using EthoVision (Noldus, Wageningen, The Netherlands) software to track the movement and general activity of the mouse.
Electrophysiology. The mice were deeply anaesthetized with isoflurane and decapitated. The brains were quickly removed and placed in oxygenated ice-cold slice solution containing (in mm) 208 sucrose, 2. Synaptic stimulation: to assess input-output functions, a monopolar glass electrode (impedance 1 MΩ) was placed in the corpus callosum 200-300 μm from the MSN. To examine NMDAR-mediated currents, stimuli were applied every 20 s. NMDAR-mediated currents were recorded at a holding potential of +40 mV in the presence of BIC (10 μM) and 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 μM). For this experiment, the current intensity that evoked 75% of the peak amplitude response was used. Peak amplitude, area, rise and decay time were determined using ClampFit software (Molecular Devices, San Jose, CA). Decay times were assessed using the 90-10% portion of the decay phase, where 100% was the peak amplitude and 0% was at baseline.
Statistical analysis
Rotarod. Male and female mice were tested at 2-3 months, 6-7 months and 12-13 months of age. Statistical analysis was performed using the PROC MIXED procedure in SAS using an alpha of 0.05. Significant interactions were followed up using the Fisher's LSD multiple comparison procedure. Age, genotype, sex, weight and their interactions were considered in the model. The observed data conformed to a logarithmic distribution, as is consistent with time-to-failure tests, and were therefore log transformed for analysis.
Open field. Mice were tested at 2 and 6 months of age. Statistical analysis was performed using the PROC MIXED procedure in SAS using an alpha of 0.05. Significant interactions were followed up using the Fisher's LSD multiple comparison procedure or Tukey's HSD multiple comparison.
Light-dark box and forced swim. Mice were tested at 2, 6 and 12 months of age. Statistical analysis was performed using the
